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Introduction
On June 13, 2015, an earthquake with a reported magnitude (ML) of 4.4 occurred roughly 30 km south of Fox Creek, Alberta, Canada. This was the third moderate earthquake [Eaton and Mahani, 2015] in this historically quiescent region in less than 6 months. No ML > 3.5 events have been recorded within 100 km of the hypocenter prior to 2015 (NRC earthquake database). All three events have been suspected to be associated with hydraulic fracturing (HF) operations, which were responsible for a 2013-2014 Crooked Lake earthquake swarm 30 km west of Fox Creek [Schultz et al., 2015a] . The June 2015 earthquake is significant for both political and scientific reasons. It was potentially the largest HF-induced earthquake in the world, and was the first earthquake that triggered the stop light for HF operations in compliance with a newly enacted "traffic-light" regulation in Canada [Zoback , 2012] .
The hypocenter of this earthquake resides within the Chinchaga domain, an early Proterozoic plutonic/metamorphic terrane roughly 30 km from a splay of the Snowbird Tectonic Zone [Gu and Shen, 2015; Jones, 2002] near basement depth [Pilkington et al., 2000] . The sedimentary strata above the basement rocks are highlighted by Duvernay formation, which originated as a fill-in basin coeval with the Leduc reef [Rokosh et al., 2010; Switzer et al., 1994] . It has been suggested that debris from the latter structure was mainly responsible for the relatively high porosity in the Duvernay shale [Switzer et al., 1994] . Both conventional and unconventional hydrocarbon exploration activities are presently taking place in the Duvernay play, many assisted by HF, the suspected source of recent earthquakes in this region.
However, questions have surfaced in the past few months regarding the reported magnitudes, which differ by 0.6 magnitude units amongst five different reporting agencies; hypocenter locations vary by as much as 26 km. Much of the discrepancy may be attributed to: 1) limited seismic station density and/or incomplete use of available data; 2) uneven station coverage, especially along the NE-SW orientation; 3) phase picking inaccuracies associated with automatic solutions; and 4) lack of consideration of an appropriatelycalibrated attenuation model for the Western Canada Sedimentary Basin (WCSB). Disagreements among the existing source solutions underscore the challenges in the assessment of the nature of this event, which is crucial for regional seismic monitoring, regulatory practices and hazard mitigation [Bent, 2011] . This study presents an updated analysis of the earthquake source parameters from full moment tensor inversions of broadband recordings, and a discussion of regional groundmotion observations. The availability of local data, particularly recordings from two recently installed stations, and a grid search algorithm enable us to determine the hypocenter location and depth to an accuracy of ∼1 km. This event (M = 3.9) is located within the Duvernay formation at a depth close to the basement, showing a strike-slip mechanism. The significance of these findings will be discussed in relation to crustal stress and regional tectonics.
Data and Methods
The waveforms analyzed in this study are broadband recordings from TransAlta (TD), Regional Alberta Seismic Observatory for Earthquake Studies Network (RAVEN) [Schultz and Stern, 2015] and Canadian Rockies and Alberta Network (CRANE) [Gu et al., 2011] (Figure 1 ). The stations are uniformly distributed around the source area, with distances ranging from 30 to 300 km. Other recordings that are publicly-available in near-real-time from all networks are also utilized to compare ground-motion amplitudes to regional attenuation models. After deconvolving the instrument responses, we rotate the three-component seismograms Spatial distribution of seismic stations (triangles and diamonds) and earthquakes after 2006 (circles) with magnitudes greater than 3.0. The earthquake data are obtained from Alberta Geological Survey (2006 Survey ( -2010 [Stern et al., 2013] and Natural Resources Canada (2011-2015, from http://earthquakescanada.nrcan.gc.ca/recent/indexeng.php, last accessed Aug, 2015). The grey dashed lines denote the Proterozoic domain boundaries [Clowes et al., 2002; Ross et al., 1999] . The map inset in the lower-right corner highlights the Fox Creek earthquake locations reported by different agencies: Natural Resources Canada (NRC), Nanomatrics Athena (NMX), Saint Louis University Earthquake Center (SLU), Alberta Geological Survey (AGS) and National Earthquake Information Center (NEIC).
to the great-circle and then filter the waveforms based on frequency ranges of 0.08-0.4 Hz and 0.05-0.1 Hz to enable simultaneous inversions of both body and surface wave waveforms. Various source parameters are then retrieved from full and deviatoric moment tensor inversions and verified against solutions from an independent forward modelling with the constraint of the pure double-couple (DC, Henry et al. [2002] ). Six moment tensor elements are determined through full moment tensor inversions, whereas the deviatoric solution assumes no net volume change (i.e., isotropic component = 0) ] and recovers five independent tensor elements. Our inversion method is based on the tdmt-invc-iso package [Minson and Dreger , 2008; Dreger , 2003] and computes the Green's functions from frequency wavenumber integrations [Saikia, 1994] . This study extends the original package to enable a flexible, simultaneous inversion of multiple frequencies and phases [Chen et al., 2015a] . Finally, pure DC moment tensors are generated from forward modelling of possible strike, dip and rake angles with a step size of 5 degrees.
Independent solutions of full, deviatoric and pure DC are obtained using an assumed focal depth of 5 km, an effective average of the reported values from five different agencies (SLU, AGS, NRC, NMX, NEIC). For the Green's function calculations we assume a one-dimensional velocity model that combines the upper crust from Welford and Clowes [2006] with a middle crust/upper mantle from Chen et al.
[2015b]. A modified model from Zelt and Ellis [1990] , which was determined from a seismic refraction data sampling the Peace River Arch region, is adopted to characterize the attenuation structure of the study area down to 100 km depth.
Two weighting schemes are explored during inversion and forward modelling based on the considerations of: 1) the amplitude ratio between body and surface waves, and 2) the reciprocal of source-station distances. Time shifts are introduced during the fitting procedure to minimize the effects of path velocity and earthquake mislocation [Dreger , 2003] . The quality of waveform matching is assessed through the variance reduction (VR) and normalized residual (RES/Pdc) [Pasyanos et al., 1996] defined as follows:
where P dc is the percentage of DC during moment tensor decomposition, d is the observed waveform, and dsyn is the synthetic data summed over three components of all stations. The uncertainty of the best-fit moment tensor is evaluated from bootstrap resampling tests [Efron and Tibshirani, 1991] . During these tests, we randomly select 14 out of 19 stations/bandwidths and determine the full moment tensor. This experiment is repeated 200 times to obtain The solid and dashed lines show the observed and best-fitting synthetic data, respectively. The result of our full moment tensor inversion is shown in the center of the page and two DC solutions from forward modelling (left, this study) and moment tensor inversion (right, SLU, from http://www.eas.slu.edu/eqc/eqc mt/MECH.NA/201506-13235753/index.html, last accessed Sep, 2015) are shown in the top-left corner. The latter two moment tensors used slightly different datasets and hypocenter locations (see text for details). For a comparison, the non-DC component from the full moment tensor inversion is plotted beneath the DC solutions. In all cases, the shaded quadrant are compressive. The small circles on the focal mechanisms indicate compressional (solid) and dilatational (open) P-wave first motion, determined from vertical component waveforms in the frequency range of 0.5-5.0 Hz. The takeoff angles are calculated from IASP91 [Kennett and Engdahl , 1991] . statistically significant distributions for all elements of the moment tensor as well as the strike, slip and rake angles. The standard deviations of these distributions are effective measures of variation.
In addition, we determine ground-motion amplitudes using pseudo-acceleration (PSA) spectral amplitudes. Distances up to 400 km are selected to show the effect of attenuation and a regional model [Yenier and Atkinson, 2015; Atkinson et al., 2014] is used to obtain the moment magnitude, and estimate the Brune-model [Brune, 1970] stress drop.
Results
The focal mechanisms, moment magnitude, source location and depth are obtained as the best-fit solution from high-frequency body waves recorded by 8 stations and lowfrequency surface waves recorded by 11 stations. The final inversion result indicates an epicenter close to the reported source location by AGS (hereinafter referred to as AGS location), with an optimal depth of 3-4 km and a moment magnitude (M) of 3.9.
Focal mechanism and moment tensor decomposition
The solutions from waveform inversions generally achieved VRs greater than 70% regardless of whether one considers pure DC, deviatoric or full moment tensor solutions. The fault plane solutions from these three different approaches are highly consistent, suggesting a strike-slip mechanism with candidate fault planes along E-W and N-S orientations (Figure 2 ). The components of the moment tensors and VRs are influenced by the modelling approach and data selection (see supplementary material, Table S1 ). The results of full and deviatoric moment tensor inversions achieve identical VRs in all frequency ranges, indicating a negligible isotropic (for short, ISO) component (<4%) and a limited compensated-linear-vector-dipole (CLVD) component (see Figure 2) . In comparison, the pure DC solutions determined through a forward routine yield moderately lower VRs, especially at frequencies above 0.08 Hz. These VR values are comparable to those attained by SLU (<65%) based on inversions for pure DC sources. The dominance of the DC component makes RES/Pdc a reasonable metric for the assessment of hypocenter location and depth accuracies [Ichinose et al., 1998 ].
It is worth noting that inversions based on low frequencies (VR∼90%) are more stable than their high-frequency counterpart (VR∼75%). On the other hand, the inclusion of higher frequencies imposes greater constraints on the direct P and S phases with relatively high signal to noise ratios and reduced sensitivities to the complex subsurface velocities. The joint inversion procedure (our method of choice), which incorporates both high and low frequencies, represents a reasonable compromise between VR and Pdc.
Improving hypocenter location and depth
The availability of nearby stations, especially two recently-installed stations BR2 and SWH, enables us to provide a more accurate hypocenter location than was previously possible. To determine the best location and minimize its bias, we introduce 14 test locations within a grid of 20 km × 20 km as the input for a series of full moment tensor inversions of both body and surface waves (Figures  3a and 3b) . This grid contains four out of five reported epicenter locations, centering on the AGS/SLU location. The VR and RES/Pdc values from all test locations of the epicenter are subsequently interpolated using 2-D splines algorithm [Smith and Wessel , 1990] . The highest observed VR is 69.1%, which is below the value of the final solution due to an assumed focal depth of 5 km, and the lowest RES/Pdc is ∼7.4. The optimal location based on 1) high VR and 2) low RES/Pdc (see Figures 3a and 3b) is within 0.5 km of the center of test grid, coinciding with the proposed earthquake epicenter location (latitude 54.1742, longitude -116.8525) by AGS. Also notable is the low RES/Pdc toward the SSW (see Figure 3b ), which reflects increased P dc (e.g. 89% at NRC location; 81% at most south location) and reduced resolution along this orientation.
The optimal depth determined from independent inversions of low and high frequency ranges are 4.0 km and 3.1 km, respectively (Figure 3c ). Both solutions exhibit relatively constant values between the depths of 2.5-4.5 km, beyond which the VR decreases substantially. The results of joint inversions are moderately dependent on the subjective weights (see Figure 3c ) of the subsets of data. An independent experiment based on inversions of the broadband ) for the same 14 source locations. The minimum RES/Pdc values roughly coincide with the AGS location and consistently low values are observed along a NW orientation. c) VR for a range of depths. The focal mechanism from independent inversions using body (red) and surface (blue) waves suggest optimal depths of 3 km (red triangle) and 4 km (blue triangle), respectively. The solid and dash lines without focal mechanisms indicate the outcomes of joint inversions of surface and body waves with assumed amplitude ratios of 1 and 2. The arrows indicate the reported earthquake depths from four agencies. d) Fault plane solutions determined from a bootstrap resampling test using 200 trials [Efron and Tibshirani, 1991] (See section 3.3 for details).
(0.02-1.0 Hz) data yields a focal depth of 3.8 km (SLU), which also falls within our end-member models of 3-4 km.
Uncertainties
The reported hypocenter locations vary by as much as 26 km between the NRC and NEIC solutions. The variability of these solutions can be as large as 5 km [Schultz et al., 2015b; Farahbod et al., 2015] and is largely attributable to the availability/choice of stations and picking errors of the arrival times. Based on improved station coverage and a grid search algorithm (see section 3.2), we are able to determine the epicenter location and depth to an accuracy of ∼1 km. The orientations of two candidate fault plane solutions and stress regimes remain stable (see Figure 3 d ). The strike, dip, and rake values determined from the means of their distributions equal to 354
• , 83
• and -5
• , receptively. The largest variation is (in rake value) only 6
• . To quantify the uncertainties associated with velocity inaccuracy, we introduce a 20% reduction to the input model. The inverted fault angles (strike, dip, and rake) only differ by an average of 10 degree from those of the unperturbed structure (see supplementary material, Figure S1 ). However, the bootstrapping test shows a standard error of 17% in CLVD based on the 95% confidence interval, which is comparable to the observed CLVD contribution (23%) to the final focal solution. Hence, we conclude that the CLVD component is poorly constrained and most likely represents only a small contribution to the focal mechanism.
Analysis of Ground-motion amplitudes
Large variability also exists in reported observatory magnitude measures of Richter magnitude (ML 4.6; NEIC) and body-wave amplitude (mb Lg 4.0; SLU; Nuttli [1973] ). For this reason, we use the vertical-component 1 Hz PSA amplitudes of publicly available stations, with 5%-damping and a distance of 400 km, to provide an alternative estimate of moment magnitude (see the algorithm Atkinson et al. [2014] ). Using the model for central and eastern North America (CENA), which provides a better fit to the observed attenuation, we obtain a value (M = 3.9, see supplementary material, Figure S2a ) identical to that from our moment tensor inversion. We further estimate the source spectrum for the event by correcting all amplitudes to the source, following the equations provided in Yenier and Atkinson [2015] . After correcting for average site effects [Farrugia et al., 2015] , we obtained a stress drop of 6 MPa by matching the high frequency amplitudes on the median horizontal-component PSA source (the observed earthquake source function, see Yenier and Atkinson [2015] ). The value of 6 MPa is near the upper range of stress drops for shallow (induced) events in CENA, consistent with those determined for regional events in other studies [Atkinson et al., 2014; Rebollar et al., 1982] .
Discussion
The earthquake source parameters from our moment tensor inversions offer improved constraints on the hypocenter location, faulting geometry and the state of stress in the subsurface, which are all critical in the assessment of seismic hazard in central Alberta. The final focal mechanism solution produced outstanding fit to the recorded threecomponent waveforms reaching a VR as high as 79.8%. The inverted magnitude of this event (M 3.93 ) is consistent with the solution obtained using PSA amplitudes and an independent, pure DC moment tensor inversion (M 3.94; SLU). This value, which falls slightly below the red-light threshold (M = 4.0) defined by the provincial traffic-light regulation (Alberta Energy Regulator, Subsurface Order 2), is significantly smaller than the initial report of ML = 4.4.
Aside from a relatively large magnitude, this event attracted significant media attention due to its proximity to the unconventional oil and gas exploration. The earthquake is located at ∼27 km south of Fox Creek within the Duvernay shale gas formation, an area characterized by significant hydraulic fracturing activities (e.g. Kaybob south and Pine Creek reservoirs). Multistage fracturing is conducted [K.M. Haug and Warren, 2013] with horizontal wells drilled to a depth of 3.5 km, (see Figure 4) , close to the basement [Pilkington et al., 2000; Bachu, 1993; Majorowicz et al., 2014] . Five horizontal wells have been identified Figure 4 . Crustal stress and available focal mechanisms of M > 3.5 earthquakes superimposed on a tectonic map of our study region. The thin solid lines denote the proposed Proterozoic domain boundaries [Ross et al., 1999] . The rate and direction of the present-day plate motion are indicated by the blue arrow. The crustal stress from borehole breakout data are represented in yellow and those determined from seismic source solutions are shown in red [Heidbach et al., 2010] . The bottom-left map inset highlights the source region, and the interpreted fault movements are indicated by the double arrows. The blue cross marks a vertical fault in the depth range of 3.1-3.8 km, mapped by an earlier active-source seismic survey [Green and Mountjoy, 2005] . The area shaded in green denotes the Wabamun domain. The area shaded in light blue indicates the shape and location of Duvernay formation and the rich-gas region is highlighted in red (obtained from: Oilweek ). The map inset in the top-right corner shows the hypocenter locations (stars) relative to two HF wells (blue squares) that were active during June within 2 km of our proposed hypocenter location. Based on recently published reports (obtained through geoSCOUT ), HF operations took place during the month preceding the earthquake. The publically accessible records suggest no evidence for other major industrial activities associated with enhanced oil recovery or waste-water disposal in the vicinity during 2015. The depth of the earthquake determined from our full moment tensor inversion is 3-4 km, overlapping with the dolostone-hosted shale gas reservoirs in the depth range of 3.1-3.6 km [U.S. Energy Information Administration, 2011; Green and Mountjoy, 2005] and the bottom depth of HF. Correlations between the focal and injection depths have been documented in the Cordel Field [Schultz et al., 2014] , Cardston [Schultz et al., 2015c] , Crooked Lake [Schultz et al., 2015a] , Rocky Mountain House [Rebollar et al., 1982] and British Columbia [BC Oil and Gas Commission, 2014, 2012] where earthquake swarms with magnitudes 1-3.5 are possibly caused by increased pore pressure near the basement. Recently, larger earthquakes triggered by fluid injection/extraction have been observed in Colorado [McGarr , 2014; Ake et al., 2005] , Ohio [Skoumal et al., 2015; Friberg et al., 2014; Kim, 2013] , and Switzerland [Evans et al., 2012; Häring et al., 2008] . Judging from the hypocenter location, focal depth and timing, an association of this event with nearby HF operations cannot be excluded.
Among these induced earthquakes observed worldwide, a moderate percentage shows a strike-slip focal mechanism [Zang et al., 2014] . Movements along buried faults, which are difficult to detect based on active source seismic surveys, are likely responsible [McNamara et al., 2015; Zhang et al., 2013] . Our moment tensor inversions with full, deviatoric and pure DC constrains suggest ∼80% DC, showing a strike-slip mechanism with vertical fault planes. The stability of the fault geometry is further evidenced by the consistency between our best-fit result and the solution from SLU, determined from independent crustal velocity and attenuation models (see Figure 2) . The two candidate fault planes, which are E-W and N-S oriented, suggest a NE-SW maximum compressional axis consistent with the regional crustal stress orientations from borehole breakouts and drilling induced fractures [Reiter et al., 2014; Heidbach et al., 2010] ( Figure 5 ). Similar compressional axes are also obtained from other M > 3.5 earthquakes in central and western Alberta [Eaton and Mahani, 2015; Kao et al., 2012] . However, the mechanism of this earthquake (strike-slip) differs considerably from those of the aforementioned regional events (mainly normal and thrust) and favors a potential association with a pre-existing vertical fault. Based on geochemical, well-logging and reflection seismic data, Green and Mountjoy [2005] suggest that high angle faults are present 10 km away from our proposed hypocenter location (see Figure 5) . At a depth of 3.1-3.8 km, two of these faults mark the boundaries of a 100 m wide graben, and have a dimension of ∼0.7 km; [Green and Mountjoy, 2005] , the expected maximum earthquake magnitude on a fault of such dimension is close to 4 [Zang et al., 2014; Wells and Coppersmith, 1994] , comparable to that of the June 13 earthquake. While these faults may not be directly associated with this event, reactivation of a similar vertical fault with a common origin is a realistic possibility. The precise origins of these dolomite-bearing faults remain unclear, though the age of the dolomite intrusion within the earlier reported faults is at least as early as the Devonian/Carboniferous eras [Green and Mountjoy, 2005] , and potentially much older if these faults extend into the crystalline basement.
Proterozoic tectonic history of the study region is also conducive to significant crustal deformation and the existence of buried faults. In the proximity of the epicenter location to the Snowbird Tectonic Zone (STZ), a trans-continental suture [Hoffman, 1988; Ross et al., 2000; Berman et al., 2007] or shear zone [Lewry et al., 1994; Hanmer et al., 1995] that bifurcates around the Proterozoic Wabamun domain (see Figure 5) . The southern branch of STZ has been widely linked to subduction, while the origin of the northern branch (∼30 km away from the proposed earthquake hypocenter location) remains debated. Regardless of the nature of STZ, the interaction/collision between the Proterozoic micro-continents (Wabamun and Chinchaga domains) is potentially responsible for pre-existing faults parallel, or perpendicular, to the domain boundary.
It is worth noting that despite being a mostly strike-slip, the June 13 earthquake may contain ∼20% non-DC components. The interpretation of CLVD remains controversial, mainly centering on: 1) improper assumption that multiple subevents [Kuge and Kawakatsu, 1990] or fracturing along on curve/complex geometry [Kawakatsu, 1991] can be represented by a single source, and 2) fluid-driven opening (or closing) of tensile cracks ]. The second explanation is favoured by shallow earthquakes, especially at depth involving fluid injection or extraction [Frohlich, 1994] . Horizontal CLVD obtained by this study (see Figure 2 ) are frequently observed in microearthquakes in connection with HF [Baig and Urbancic, 2010] . Whether the same type of mechanism is responsible for earthquakes that are orders of magnitude larger, such as this case, remains questionable.
Conclusions
This study presents an updated solution of seismic source parameters for a moderate earthquake near Fox Creek, Alberta using time-domain full moment tensor inversions. We conclude that 1. The location of this event is 27 km south of the town of Fox Creek and the focal depth is between 3 to 4 km, at the junction between sedimentary and basement layers. 2. The magnitude of this event determined from full moment tensor inversion is M 3.9, consistent with that from PSA calculations; the observed ground motions are consistent with a stress drop of 6 MPa. 3. The focal mechanism is predominately vertical strikeslip with N-S and E-W orientated fault planes. The maximum stress direction is consistent with the contemporaneous crustal state of stress. 4. We observed ∼20% non-DC component, which is dominated by a horizontal CLVD with relatively large uncertainty. A reliable correlation or dissociation between this earthquake and local shale gas exploration activities will require improved subsurface information and full access to wellcompletion data. The key parameters of this event (e.g. timing, depth, mechanism) are symptomatic of an earthquake induced by HF operations in the vicinity of Fox Creek, Alberta. Overall, the broadband seismic data, the approach adopted by this study, and similar analyses on other regional earthquakes may benefit the assessment of the seismic hazard in and around the WCSB.
